Two glnB-like genes have been isolated from Herbaspirillum seropedicae by complementation of the Klebsiella pneumoniae glnB502 mutant for growth on nitrate. One of these glnB-like genes has been sequenced and shows strong identity with GlnB proteins derived from other organisms. A Tn5-20 mutation of this glnB was Nif negative.
The glnB gene which codes for the PII protein involved in nitrogen metabolism regulation has been cloned from a number of gram-negative bacteria and characterized (4, 6, 11, 13, 18, 31) . In several microorganisms, however, the role of the PII protein is unclear: glnB mutants of Rhodobacter capsulatus express nitrogenase activity constitutively and nodules formed by glnB mutants of Rhizobium leguminosarum are nitrogen fixation positive (Fix ϩ ), suggesting that the glnB gene product is not essential for nitrogen fixation in these organisms (1, 13) . In Azospirillum brasilense, an active GlnB protein appears to be required for activity of the NifA protein, the nif gene activator (6) . Genes structurally homologous to glnB have been found in A. brasilense and in Escherichia coli, suggesting the presence of two copies of glnB-like genes in these organisms (7, 28) .
Herbaspirillum seropedicae is an endophytic diazotroph found associated with important agricultural crops (3) . The expression of the nifA gene in H. seropedicae is repressed by ammonium ions and apparently dependent on the NtrC protein (25, 26) , indicating the probable participation of both PII and GlnD proteins in the regulation of nif gene expression. The activity of the NifA protein, on the other hand, was found to be controlled by the nitrogen status (20) , which suggests that the nitrogen-sensing system in H. seropedicae regulates nif expression at two levels. In this work, we have isolated two glnB-like genes from H. seropedicae, one of which has been sequenced and whose participation in the regulation of nif gene expression has been studied.
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Media and growth conditions. E. coli and Klebsiella pneumoniae strains were grown in LB medium (21) at 37°C, and H. seropedicae SMR1 was grown in NFbHP medium (16) at 30°C. Nitrogen-free minimal medium (NFDM) was supplemented with 10 mM potassium nitrate or 20 mM ammonium chloride plus L-glutamine (10 g/ml). The antibiotics used were ampicillin (200 g/ml), kanamycin (50 g/ml for E. coli and 300 g/ ml for H. seropedicae), tetracycline (20 g/ml), and streptomycin (100 g/ml).
GS activity. Glutamine synthetase (GS) activity was assayed with 0.1 M Tris-HCl, pH 8.6, buffer. The wild-type (SMR1 strain) and Tn5-20B (22) insertion mutants were grown (to an optical density at 550 nm of 1.2) in NFbHP medium containing 5 mM sodium glutamate in 65-ml bottles at 30°C with shaking at 120 rpm. Half the cultures were challenged with NH 4 Cl (20 mM) to induce GS adenylylation and were shaken for a further 10 min. Cetyltrimethylammonium bromide (CTAB) (final concentration, 100 g/ml) was then added to all cultures. After 5 min, the cells were centrifuged, washed with KCl (1%), and resuspended in half the original culture volume of KCl (1%).
Isolation of two glnB-like genes of H. seropedicae by genetic complementation of a K. pneumoniae glnB502 mutant. A genomic library of H. seropedicae in pLAFR3 was conjugated with the glnB502 mutant of K. pneumoniae UNF 1529 (PII502; Ntr Ϫ phenotype), and two transconjugants (B2 and B12), capable of growing on NFDM with nitrate as the nitrogen source, were isolated. Two recombinant cosmids, pEMB100 and pEMB101, with different restriction patterns were isolated from B2 and B12. Plasmids pEMB100 and pEMB101 were shown to be responsible for restoring the GlnB phenotype of K. pneumoniae UNF 1529, initially by transformation and subsequently by elimination by R68.45, to restore and eliminate growth on nitrate, respectively. These results indicate that pEMB100 and pEMB101 contain glnB-like genes from H. seropedicae.
The K. pneumoniae transconjugants B2 and B12 both lacked nitrogenase activity, showing that pEMB100 and pEMB101 failed to restore the Nif ϩ phenotype of the K. pneumoniae glnB502 (UNF 1529) mutant. Similar results were reported for the glnB gene of Rhizobium leguminosarum in the same background (12). Holtel et al. (12) suggested that the PII-UMP levels in the glnB gene transformants of K. pneumoniae UNF 1529 may not be sufficiently high to give a full signal of nitrogen limitation to NtrB. The probable formation of PII-UMP/ PII502 hybrids may partially stimulate the phosphatase activity of the NtrB protein to provide a low level of NtrC-P (2). Activation of the nifLA promoter in K. pneumoniae requires a concentration of NtrC-P higher than that required for glnA expression (2) and, presumably, higher than that required for nitrate-dependent growth.
Two DNA fragments from cosmid pEMB101 (1.5-kb SalI and 3.4-kb PstI fragments) hybridized (at 65°C with 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate] and washed with 2ϫ SSC at 65°C) with a glnB gene probe of K. pneumoniae labelled with 32 P (Fig. 1) . Genomic DNA of H. seropedicae digested with SalI and PstI showed similar homologous glnB fragments (Fig. 1 ). Cosmid pEMB100, on the other hand, contains only one SalI fragment, of 2.9 kb, that hybridized weakly with the glnB probe. The glnB-like gene present in pEMB100 has a degree of homology to the glnB gene of K. pneumoniae apparently lower than that present in pEMB101.
Two glnB-like genes have been described in E. coli and in A. brasilense (7, 29) . Under N limitation, the product of the second E. coli glnB-like gene (glnK) can substitute for that of glnB (29) . The function of the second glnB-like gene (glnZ) of A. brasilense is not yet known (7); that of H. seropedicae complements nitrate-dependent growth in K. pneumoniae.
Sequence of a glnB-like gene of H. seropedicae. The region of cosmid pEMB101 homologous to the glnB of K. pneumoniae was sequenced (accession no. U86073
). An open reading frame (ORF) coding for a protein of 112 amino acid residues was found. Characteristic prokaryotic terminator sequences were found: a 9-bp GC-rich inverted repeat sequence (AAACCGG CCACCTGGCCGTTT) 26 bp downstream from the termination codon was followed by a run of four T residues and a TCTG sequence.
The deduced amino acid sequence of the sequenced glnBlike gene of H. seropedicae showed a high level of identity with the GlnB proteins of K. pneumoniae (73%), E. coli (73%), Rhodobacter capsulatus (73%), A. brasilense (73%), and Bradyrhizobium japonicum (71%). Tyrosine 51, which is uridylylated in the PII protein from E. coli (24) , was among the conserved residues. These results suggest that the sequenced ORF is a glnB-like gene from H. seropedicae.
The location of the glnB-like gene of H. seropedicae is different from that of other organisms. The glnB gene of members of the ␣ division of the proteobacteria (A. brasilense, B. japoni- cum, Rhizobium leguminosarum, and Azorhizobium caulinodans) is part of the glnB glnA operon. However, in H. seropedicae, a member of the ␤ division of the proteobacteria, the glnA gene is clustered together with the ntrBC genes (27a) as in E. coli and K. pneumoniae, both of which are members of the ␥ division of the proteobacteria (30) . The gene upstream of glnB in these two organisms is an ORF homologous to ntrC, whereas in H. seropedicae the upstream ORF1 bears some homology to an NH 3 -dependent NAD synthase gene (result not shown).
Regulation of the expression of the glnB-like gene of H. seropedicae. The 0.66-kb SalI-PstI fragment of the plasmid pEMB101.1, which contains the promoter region of the glnBlike gene, was cloned into the lacZ promoterless fusion vector pPW452. The glnB::lacZ fusion in plasmid pEMB101.21 was used to investigate the expression of the glnB promoter of H. seropedicae in that organism and E. coli ET8000 (wild type) and ET8556 (ntrC) under different growth conditions. The expression from the H. seropedicae glnB-like promoter was sensitive to ammonium ion limitation in neither H. seropedicae (approximately 400 Miller units [19] in the presence or absence of ammonium ions) nor E. coli: the levels of ␤-galactosidase in ET8556(pEMB101.21) were similar to those in ET8000(pEMB101.21), ranging from 1,600 to 1,800 Miller units in the presence or absence of ammonium ions. These results suggest that glnB of H. seropedicae, as in E. coli and K. pneumoniae, is expressed constitutively and apparently independently of the NtrC protein.
The sequence TGGACA-N 20 -TAAAAGA located 105 bp upstream from the putative translation initiation codon is homologous to the consensus sequence of 70 -dependent promoters. Neither an NtrC-binding site nor a N ( 54 )-dependent promoter was found upstream from the glnB-like gene, further evidence that its expression, as in E. coli (15, 28) , is not regulated by ammonia in H. seropedicae. On the other hand, although the promoter regions of B. japonicum (18) , A. brasilense (5, 6) , Rhodobacter capsulatus (13) , and Rhodobacter sphaeroides (31) glnB are all of the 70 type, these sequences overlap an NtrC-binding site and are, apparently, controlled by the nitrogen status. The first two organisms also contain a N -dependent promoter within the glnB promoter region which is active under low ammonium ion concentrations (5, 13) . Expression of the possible glnK gene of E. coli, unlike that of glnB, is also regulated by the ammonium ion concentration.
The possibility of a read-through from a promoter of the orf1 located upstream of glnB, as in E. coli (15) , cannot be discounted. However, Tn5-20 insertions in orf1 did not exhibit a glnB mutant phenotype (see below).
Mutagenesis of the glnB gene of H. seropedicae. Transposon (Tn5-20B [22] ) insertions in the 1.5-kb SalI fragment containing the glnB gene were located by restriction analysis. Four clones containing glnB mutations in pSUP202 (23), pEMB101. 11 to 101.14, were introduced by conjugation into H. seropedicae. H. seropedicae chromosomal mutants were selected for kanamycin (500 g/ml) resistance and, subsequently, chloramphenicol (100 g/ml) sensitivity. In H. seropedicae B12-27, Tn5-20B was located approximately 50 bp downstream from the translation start of the glnB-like gene (Fig. 2) . Insertions upstream from this gene were also obtained, at approximately 200, 400, and 900 bp upstream from the translation start of glnB gene (for strains B12-3, B12-29, and B12-45, respectively). In all four insertions, the orientation of lacZ of the Tn5-20B was the opposite of that of glnB-like gene. The locations of Tn5-20B in the chromosome were confirmed by Southern blot (not shown).
The glnB mutant of H. seropedicae B12-27 was capable of growing on potassium nitrate and ammonium chloride as well as the wild-type SMR1. This phenotype is similar to that described for glnB mutant members of the family Enterobacteriaceae (8) .
The effect of the glnB mutation on GS activity and adenylylation was also investigated in H. seropedicae. Strain B12-27 (glnB mutant) grown on glutamate had the same levels of GS activity (370 to 420 mol of ␥-glutamyl hydroxamate ⅐ mg of protein Ϫ1 ⅐ min
Ϫ1
) and the same adenylylation/nonadenylylation ratio as the wild type. Upon addition of ammonium ions, the adenylylation/nonadenylylation ratio of either the wild type or B12-27 shifted from 65 to 70% to 35%, indicating that the glnB mutation affected neither GS synthesis nor activity control in H. seropedicae. This is in contrast to a K. aerogenes glnB mutant in which the rate of adenylylation decreased compared to the wild type (9) and similar to an A. brasilense glnB mutant in which the adenylylation state of GS was not changed (7) . The lack of any expected GS phenotype may be due to substitution of glnB by the second glnB-like gene which is still present. Mutation in the region upstream from the glnB gene also had no effect on GS activity or adenylylation.
The Nif Ϫ phenotype of the glnB mutation in H. seropedicae was similar to that in A. brasilense. The H. seropedicae glnB mutant B12-27 was unable to grow under nitrogen-fixing conditions, and when exposed to derepressing conditions, it failed to reduce acetylene, but the mutant strains B12-3, B12-29, and B12-45 had nitrogenase activity levels comparable to that of the wild type, ranging from 3.4 to 3.6 nmol, compared to 4.7 nmol for the wild type, of ethylene ⅐ mg of protein Ϫ1 ⅐ min Ϫ1 . In A. brasilense, the Nif Ϫ phenotype of the glnB mutant has been explained as a PII requirement to activate NifA, since expression of the nifA gene is normal in a glnB mutant and the introduction of plasmids expressing nifA constitutively did not revert the phenotype (5). In H. seropedicae, on the other hand, the expression of the nifA gene is apparently dependent on NtrC (26) , suggesting that nifA expression is constitutive in the glnB mutant, as NtrB would be incapable of inactivating NtrC-P. It is possible that the PII protein participates in signalling the nitrogen status to NifA in H. seropedicae, as has been suggested for A. brasilense. The involvement of a specific factor present in H. seropedicae and A. brasilense has been indicated since the presence of NifA and PII allows nifH expression in H. seropedicae or A. brasilense but not in E. coli.
Since the glnB mutant is Nif Ϫ , clearly the second glnB-like gene cannot substitute for glnB by signalling the nitrogen status in H. seropedicae under nitrogen-fixing conditions.
The glnB gene of H. seropedicae seems unique, since its expression and location in relation to glnA are similar to those in enteric bacteria, but it differs from the E. coli or K. pneumoniae gene in that PII does not control the GS activity and is essential for the expression of nitrogen fixation. Therefore, its function is probably similar to that of the glnB gene of A. brasilense: signalling nitrogen limitation to the NifA protein. 
